A new seawater standard for oceanographic and engineering applications has been developed that consists of three independent thermodynamic potential functions, derived from extensive distinct sets of very accurate experimental data. The results have been formulated as Releases of the International Association for the Properties of Water and Steam, IAPWS (1996 , 2006 and are expected to be adopted internationally by other organizations in subsequent years. In order to successfully perform computations such as phase equilibria from combinations of these potential functions, mutual compatibility and consistency of these independent mathematical functions must be ensured. In this article, a brief review of their separate development and ranges of validity is given. We analyse background details on the conditions specified at their reference states, the triple point and the standard ocean state, to ensure the mutual consistency of the different formulations, and the necessity and possibility of numerically evaluating metastable states of liquid water. Computed from this formulation in quadruple precision (128-bit floating point numbers), tables of numerical reference values are provided as anchor points for the consistent incorporation of additional potential functions in the future, and as unambiguous benchmarks to be used in the determination of numerical uncertainty estimates of doubleprecision implementations on different platforms that may be customized for special purposes.
Introduction
The International Equation of State of Seawater (EOS-80, Fofonoff and Millard 1983) has successfully served the needs of oceanographers for three decades. Challenged by climate change, equipped with more powerful computers, and confronted with new and more accurate standards in related fields of science and technology, the SCOR/IAPSO Working Group 127 (WG127) was established and charged with developing a new seawater standard for oceanography.
The very accurate mathematical description of liquid water and vapor, IAPWS-95, issued by the International Association for the Properties of Water and Steam in the form of a Helmholtz potential (Wagner and Pruß, 2002) has provided the foundation for the cooperative development of a common seawater formulation for both oceanographic and engineering applications worldwide. To complement the Helmholtz potential for pure water, an equation of state for salt-free ice was developed in the form of a Gibbs potential function (Feistel and Wagner, 2006) , presented at the 14th International Conference on the Properties of Water and Steam (ICPWS) in Kyoto in 2004, and approved by IAPWS as a Release in 2006. Together, the Helmholtz and the Gibbs potentials cover all three stable phases of pure water found under terrestrial conditions in a consistent, comprehensive and precise way. To use the IAPWS-95 formulation over the required application range for seawater, the implementations of IAPWS-95 must be able to provide results for metastable states of liquid water; i.e., conditions of temperature and pressure under which seawater is a stable liquid, but pure 276 R. Feistel et al.: Thermodynamic potentials for fluid water, ice and seawater water is already transformed into ice or vapor. A discussion of this work is presented in Sect. 4.
The presence of sea salt in water changes water's thermodynamic properties. The saline part of a Gibbs potential of seawater (i.e., the addition to the Gibbs potential of pure water required to represent seawater) has now been determined for the quantitative description of these deviations (Feistel, 2003 (Feistel, , 2008 . For its application to seawater under extreme natural conditions or in technical systems such as desalination plants, the range of validity of the saline Gibbs function has been extended to 80 • C and covers salinities extending from 0 to 120 g/kg, for which experimental data of adequate accuracy are available. The salinity range extends beyond the currently valid Practical Salinity Scale of 1978, PSS-78, at both low and high values. This problem is circumvented by using a new salinity scale termed Reference-Composition Salinity that was developed by WG127 (Millero et al., 2008) . Saturation conditions for particular components of sea salt are discussed by Marion et al. (2008a, b) .
The combination of the Helmholtz function for pure water, the Gibbs potential for salt-free ice and the saline part of the Gibbs potential provide the foundation for the computation of the thermodynamic properties of pure water and sea water within a new, unified and fully consistent framework.
Our approach of constructing a new seawater standard explicitly from three distinct thermodynamic potential functions is unprecedented and has not been discussed in the scientific literature before. We discuss the conditions that need to be met to realize this novel approach as well as the solutions found to overcome the problems encountered. The ambiguities of different triple-point definitions and their implications for the formulation of seawater thermodynamics are analysed in Sect. 3. Revising earlier definitions (Feistel, 1993 (Feistel, , 2003 Feistel and Hagen, 1995) , the new WG127 specification of the seawater reference point is given and its properties are considered in detail in the same section.
In the appendix, highly accurate numerical values for the properties at the reference states of water and seawater are provided. In particular, we have recomputed the numerical check values published in the Releases IAPWS-95 for fluid water, IAPWS-06 for ice and IAPWS-08 for seawater (IAPWS, 2008) , using quadruple-precision calculations, and these are presented to 20 significant figures. These results provide unambiguous benchmarks against which doubleprecision implementations of the new seawater standard on different platforms can be validated.
In this paper, formula symbols are used which in some cases deviate from the common symbols used in oceanography. In particular, p is absolute pressure (in Pa, MPa, etc.) rather than sea pressure (relative to p 0 =101 325 Pa), and w is sound speed (in m/s). S A is used to represent Absolute Salinity, which we note is not accurately represented by Practical Salinity. For the relation between Absolute and Practical Salinity, see Millero et al. (2008) .
Development of the formulations
In 1984, the International Association for the Properties of Steam (IAPS) adopted the Helmholtz potential developed by Haar et al. (1982 Haar et al. ( , 1984 as the international standard sometimes referred to as IAPS-84. At its 1990 meeting in Buenos Aires, IAPWS (the successor of IAPS) agreed on the need for a replacement of IAPS-84 which should be based on the ITS-90 temperature scale, represent a wider range of data, and better represent the critical and the metastable regions. This led to the approval of the Helmholtz function developed by Pruß and Wagner (1995) as the formulation IAPWS-95, which was adopted in its final form by IAPWS (1996) in Fredericia, Denmark, and is described in detail by Wagner and Pruß (2002) . Its validity range in temperature and pressure is shown in Fig. 1 . Fortran source code of an implementation is available from the digital supplement of Feistel et al. (2008) .
The first Gibbs functions for ice Ih were proposed by Feistel and Hagen (1995 , 1998 ), Tillner-Roth (1998 and Feistel (2003) . These functions were derived from only a few experimental data sets, restricted in validity to the vicinity of the melting curve, and possessed significant uncertainties, in particular in compressibility. In a subsequent, more comprehensive approach, the entire region of existence of ice Ih was covered by a new Gibbs function developed by . Its source code was published by Feistel et al. (2005) in the digital supplement. An improved version including additional data, in particular for the absolute entropy at the melting point (Feistel and Wagner, 2006) , was adopted by IAPWS (2006) in Witney, UK. The range of validity of this formulation, which we will refer to as IAPWS-06, is shown in Fig. 2 . Its source code with the updated coefficients is available from Feistel et al. (2008) .
Ice Ih is the ice phase I that occurs under normal pressure and temperature conditions, in contrast to the ices II, III etc. which exist at very high pressures or low temperatures. Ice Ih possesses a stable hexagonal crystal lattice rather than a cubic one (termed ice Ic). The possibility of constructing Gibbs functions for the different high-pressure ice phases (>200 MPa) is discussed by Tchijov et al. (2008a, b) .
The possibility of an extension in the form of a Gibbs function for vapor below 130 K has recently been discussed by Feistel and Wagner (2007) and Riethmann et al. (2008) and will be implemented in the forthcoming source code library Wright et al., 2009 ).
More as a theoretical concept than a practical algorithm, a Gibbs function for seawater was described by Fofonoff (1962) . During the development of the International Equation of State of Seawater (EOS-80), apparently no attempt was made to combine the theoretical concept with the available data to build such a thermodynamic potential, even though all necessary properties were quantitatively available before 1980. Separate correlation equations for the density, heat capacity, sound speed and freezing temperature were derived and adopted as the new standard for oceanography (Fofonoff and Millard, 1983) , and they still remain as the international standard after nearly three decades.
Additional thermal and colligative properties published by Millero and Leung (1976) were used in combination with the EOS-80 equations for the construction of the first Gibbs function of seawater (Feistel, 1993) . Feistel and Hagen (1995) improved this function by including additional data, e.g. for the sound speed and the temperatures of maximum density, and conversion to ITS-90. Properties such as entropy and enthalpy that are available from this formulation in a consistent form are of growing interest for more accurate ocean models (McDougall, 2003; McDougall et al., 2003; Griffies et al., 2005; Jackett et al., 2006; Tailleux, 2008; McDougall et al., 2008) .
After the appearance of the fundamental paper of Wagner and Pruß (2002) , a systematic improvement of the Gibbs function of seawater proved possible by replacing pure-water properties of the Gibbs function of Feistel and Hagen (1995) by those computed from IAPWS-95 (Feistel, 2003) . The related source code for seawater can be found in the digital supplement of Feistel (2005) , and with the same mathematical structure but improved coefficients in Feistel et al. (2008) . Range of validity, shown in bold, and uncertainty of ice density in the IAPWS-06 formulation. The Gibbs function of ice remains valid at pressures even below the range shown here (it can be extrapolated to negative pressures to represent the effects of tensile stress), but the validity of IAPWS-95 for water vapor ends at T =130 K and hence does not extend below p=10 nPa.
The 2008 extension to high salinity and temperature for thermal and colligative properties, which became possible with the introduction of the new Reference-Composition Salinity Scale, was adopted by IAPWS (2008) and is expected to be adopted, too, as a new international oceanographic standard to replace EOS-80 (Millero et al., 2008; Feistel, 2008; McDougall et al., 2009a, b) , in conjunction with IAPWS-95 for fluid water and IAPWS-06 for ice. This is the first formulation developed cooperatively by IAPWS for general applications and by the SCOR/IAPSO Working Group 127 for oceanography, being fully consistent in its pure-water properties. The range of validity of the IAPWS-08 formulation for seawater is shown in Fig. 3 . A publication that will contain a source code library including this latest version is in preparation Wright et al., 2009; McDougall et al., 2009b) .
The range of validity shown in Fig. 3 is additionally constrained by precipitation or degassing of sea salt constituents from the solution. The related boundaries as functions of temperature, pressure and salinity are not yet sufficiently known; for selected components of sea salt they are reviewed by Marion et al. (2008a, b) . His results indicate that the region F in Fig. 3 is beyond a boundary at which calcium minerals precipitate out of solution due to significant supersaturation; this region should thus be treated with appropriate caution.
The three individual thermodynamic potentials for fluid water, for ice, and for the saline contribution for seawater were constructed from separate and independent experimental data sets. The integrity of this comprehensive new formulation, consisting of three independent potential functions, is superior to that of the former EOS-80 in two important ways. extension to higher salinity at low pressure, C: extension to concentrated and hot brines at atmospheric pressure, D: IAPWS-95 pure-water part, E: extension of IAPWS-95 to the metastable liquid, F: range of unreliable extrapolated density derivatives. The region F is beyond the precipitation boundary of calcium minerals (Marion et al., 2008a, b) and is thus strictly beyond the range in which the Reference Composition (Millero et al., 2008) provides a best estimate of the seawater composition. The plane S A =0 is shown in Figs. 1, 2 and 4 with more details.
First, individual correlation equations for particular properties of water, ice and seawater have been consistently combined into compact functions, the thermodynamic potentials. Second, these independent potential functions can, in turn, be combined consistently, providing not only the properties of the particular phases/components, but also of their mutual combinations and transitions. This family of thermodynamic potentials is conveniently structured in such a way that it obeys three general conditions that are highly desirable for proper axiomatic systems. It is consistent, i.e., the possibility of deducing two different formulas for the same property is excluded, independent, i.e., no formula can be deduced from other ones, and complete, i.e., a formula is provided for every thermodynamic property.
Since thermodynamic experiments can reveal only changes of entropy or energy, the values of the absolute energy and the absolute entropy for each component, including water in liquid, gas or solid phase as well as sea salt, are freely adjustable (Fofonoff, 1962) . To achieve consistency between the potential functions, both the absolute energy and entropy of each substance must take the same values independent of the particular phase or mixture of this substance. This is commonly achieved by specifying reference state conditions, as described in the following section. Proper adjustment of the coefficients determining these reference conditions is also discussed.
Reference states
For fluid water, the traditional reference state condition is vanishing entropy and internal energy of the liquid phase at the solid-liquid-gas triple point of pure water. To unambiguously implement this condition in numerical models, the triple point itself must be exactly defined by mathematical equations. In implementations of IAPWS-95 and IAPWS-06, this had not always been done sufficiently rigorously or consistently, and thus requires a meticulous reconsideration, as discussed below.
First, note that the ITS-90 scale defines the kelvin temperature unit by setting the temperature value at the triple point of water to be exactly 273.16 K (Preston- Thomas, 1990) .
The common physical triple point of water is the thermodynamic equilibrium state between liquid water, water vapor and ice. The standard definition of pure water is Vienna Standard Mean Ocean Water, VSMOW, consisting of several isotopes of hydrogen and oxygen as found under ambient conditions (IAPWS, 2008) . Because these isotopes fractionate slightly differently among the equilibrated phases, instead of a unique triple "point" one effectively has a mixture in which the equilibrium temperature depends on the relative amounts of the phases (Nicholas et al., 1996; White et al., 2003) . The interval over which the equilibrium temperatures can vary has been estimated to be approximately 14 µK (Nicholas et al., 1996) . There is therefore a fundamental uncertainty of this magnitude in ITS-90 temperature measurement at the triple point, even though a thermometer's precision in resolving temperature differences may be smaller. In practice, other experimental factors introduce additional uncertainties; Rudtsch and Fischer (2008) give 29 µK as a typical combined standard uncertainty for calibration of a standard platinum resistance thermometer at the triple point of water. The value of 40 µK reported by Feistel and Wagner (2006) overestimates the uncertainty.
The experimental triple-point pressure, i.e., the vapor pressure of pure water at 273.16 K, was determined by Guildner et al. (1976) as p t =611.657(10) Pa. The digits in parentheses are the combined standard uncertainty of the last two digits of the quoted value, as described by the "International System of Units (SI)" (BIPM, 2006; p. 133) .
The numerical IAPWS-95 triple point is defined mathematically by equal chemical potentials and pressures of liquid water and vapor at exactly 273.16 K.
The numerical IAPWS-95/06 triple point can be defined mathematically by equal chemical potentials of liquid water, water vapor and ice Ih, where liquid and vapor are described by IAPWS-95 and ice is described by IAPWS-06.
From a practical point of view, all triple-point definitions discussed above and in related IAPWS publications are consistent with each other within their experimental uncertainties and natural physical fluctuations. Numerically, however, the related values are slightly different. In this paper, the numerical IAPWS-95 triple-point results were used as the definite reference point required for the consistent adjustment of free parameters in the other formulations.
Before considering details of the above defined triple points, we mention two problems that have arisen with the implementation of IAPWS-95:
(i) In order that the defined reference values of vanishing internal energy and entropy in the liquid phase at the triple point are accurately reproduced, it has been recommended that the parameters n • 1 and n • 2 specified in the formulation of IAPWS-95 be individually adjusted for the particular software implementation and hardware configuration. While such a procedure is essentially correct, its application was often either overlooked or ignored. Recent tests have suggested that this adjustment phase is not essential if IAPWS-95 is implemented as given in the Release but with modified values of n • 1 and n • 2 as given below. (ii) Implementations should refrain from rounding of coefficients and employ the full accuracy of the official formulation that has parameters given to 14 significant figures, in conjunction with new values of n • 1 and n • 2 to be given in a future updated version of Table 4 of IAPWS (1996) ; to the accuracy quoted, these values are consistent with those given below.
The properties of the numerical IAPWS-95 triple point have been computed from two different quadruple-precision (128-bit) implementations of IAPWS-95 made independently by two of us. One result for the numerical IAPWS-95 triple point was based on code, referred to as the Wagnerand-Pruß code, made available to our group by W. Wagner and recently published in Feistel et al. (2008) . The numerical precision of the code was increased to 128-bit accuracy using the double-double precision system developed and made available by Bailey et al. (2008) . Error tolerances of numerical iteration procedures were reduced to the point that further reductions made no difference to our results. All coefficients were expressed to the full number of digits given in IAPWS (1996) . In this implementation, the coefficients n • 1 and n • 2 of the IAPWS-95 formulation were adjusted to the reference-point conditions of vanishing entropy and internal energy of the liquid phase at the triple point determined by an iterative routine available in the original code obtained from Wagner. The results are given in Table 1 .
The second version of the code, referred to as the NIST code, was independently implemented at the National Institute of Standards and Technology by modifying the Fortran code of Harvey et al. (2004) . Compiler options available in Table 1 . The precise values of the adjustable coefficients of IAPWS-95 (pure fluid water), IAPWS-06 (pure ice) and IAPWS-08 (saline component of seawater) obtained from quadruple-precision code implementations. These coefficients were determined by ensuring the equality of the chemical potentials of liquid water, water vapor and of ice at the triple point, as well as the conditions Eq. (4a, b) for the saline part, as discussed in the section "Reference States". The underlining in this table represents the accuracy with which these arbitrary adjustable constants can be determined by this procedure using double-precision code. In this paper when double-precision code (as opposed to quadruple-precision code) has been used to evaluate the thermodynamic properties of water ice and seawater, the arbitrary constants of this the Lahey/Fujitsu Fortran 95 compiler 1 were used to promote all 64-bit real variables to 128-bit real variables and convergence tolerances were reduced until no change was observed to the desired number of digits. The quadruple-precision values of coefficients n • 1 and n • 2 determined from the Wagnerand-Pruß code (Table 1) were used.
Properties at the IAPWS-95 triple point, determined using the quadruple-precision codes described above, are given in Table 2 to the number of digits to which the two implementations agree.
The properties of the numerical IAPWS-95/06 triple point have also been computed from a quadruple-precision implementation of IAPWS-95 and IAPWS-06, as discussed below.
If (T , p) is a good initial approximation to the numerical IAPWS-95/06 triple point (e.g., T =273.16 K, p=611.655 Pa as reported by Wagner and Pruß, 2002) , an iterative improvement can be obtained from the linearized equations 
which have the solution
Here, g is the specific Gibbs energy, s the specific entropy and v the specific volume of ice (superscript Ih), liquid water (W) and vapor (Vap). Use of this iterative approach to determine successive improvements allows one to determine the numerical triple-point temperature and pressure values corresponding to the parameter values listed in the Releases. When this is done using quadruple-precision calculations, we find that T t =273.160 000 093 070 855 667 516 123 4 K and p t =611.654 775 144 545 131 192 098 52×10 −6 MPa.
The deviation (almost 0.1 µK) of the above estimate of the triple-point temperature from 273.16 K shows that a small modification of the adjustable coefficient g 00 of the ice formulation IAPWS-06 is required for consistency with the ITS-90 temperature scale at this level of precision. Starting again with T =273.16 K, and using Eq. (1a, b) to iteratively adjust p and g Ih with T =0, we find that the value g 00 =−0.632 020 233 449 497×10 6 published for the Gibbs function of ice (Feistel and Wagner, 2006; IAPWS, 2006) , must be adjusted to g 00 =−0.632 020 233 335 886×10 6 to correct the numerical IAPWS-95/06 triple-point temperature from the value given above to T =273.160 000 000 000 K in all 15 digits. This new value for g 00 is expected to be included in a future revised version of IAPWS-06. The more precise quadruple-precision estimate of g 00 is given in Table 1.
Determination of g 00 completes the consistent determination of all coefficients involved in the potential functions for pure water. The triple-point properties of all three water phases were computed in quadruple precision after adjustment of the coefficients n • 1 , n • 2 and g 00 , and are reported in Table 3 . These results are given to the full precision for which stable results between iterations are obtained on one particular platform. Slight differences may occur on other platforms. Note that we use the full quadruple-precision coefficients in Table 3 and in all of the tables presented in the appendix. The values presented are thus our best estimates of the true solutions, but will not be precisely reproduced by double-precision implementations. Underlining has thus been used in the tables given in this paper to indicate the digits that are expected to be reproduced by double-precision implementations. A discussion of the methods used to estimate what precision is achievable with double-precision implementations is given in the appendix.
It remains to allow for the influence of sea salt in seawater. In the seawater formulation (Feistel, 2008; IAPWS, 2008) , the Gibbs function, g, of seawater is expressed as a sum of a water part, g W , derived from the IAPWS-95 Helmholtz potential, and a saline part, g S , as,
The function g W (T , p) is related to the Helmholtz potential f W (T , ρ W ) by the relation
where the subscript ρ on f W indicates partial differentiation with T constant and
The salinity argument of the Gibbs function in Eq. (3) is the Absolute Salinity S A , which is the mass of dissolved material in seawater per unit mass of solution. For seawater of Reference Composition, Absolute Salinity is the same as the Reference-Composition Salinity (Millero et al., 2008) . It is convenient to adjust the free parameters determining the reference levels of absolute energy and absolute entropy of sea salt such that entropy and enthalpy of seawater vanish for the standard ocean state (p SO =101 325 Pa, T SO =273.15 K, S SO =35.165 04 g kg −1 ). The related adjustable coefficients of the Gibbs function of seawater are g 200 and g 210 , i.e., its pressure-independent terms proportional to salinity and to the powers 0 and 1 in temperature (Fofonoff, 1962; Feistel, 2003; IAPWS, 2008) .
At its meeting in Warnemünde, Germany, in May 2006, WG127 chose to specify the arbitrary constants corresponding to the saline specific entropy, s S , and the saline specific enthalpy, h S , at the standard ocean state as The properties of liquid water, ice and seawater at the standard ocean state were computed in quadruple precision and are reported to 20 significant figures in Table A8 of the appendix.
We note that, in all of our tables, we have reported results to much higher precision than could be justified by the constraints available from experimental data. To explain why we have done this, it is necessary to clearly distinguish between mathematical formulations, practical implementations and the representation of experimental data. Formulations such as IAPWS-95, IAPWS-06 or IAPWS-08 are mathematical models of the reality that provide precise descriptions of all thermodynamic properties in their particular scope. Although the agreement with reality is required only to the uncertainty of the experimental data, the mathematical models used to approximate the data are precisely defined constructs. Implementations, on the other hand, possess numerical uncertainties depending on the hardware and software of the implementation platform, on the way the program flow is organized in the code, on the syntax permitted by the R. Feistel et al.: Thermodynamic potentials for fluid water, ice and seawater programming language, and on the way this code is executed by compilers or interpreters. There can of course be different implementations of the same mathematical model. They are all only approximations of the precise mathematical models that they represent, but their numerical errors should be negligibly small compared to the uncertainties of the experimental data.
Things become more complicated when more than one formulation is considered and mutual consistency is required, as in the case of fluid water, ice and seawater. Although the mathematical models may be formulated to be exactly consistent, if the reference-point properties of ice are determined from an arbitrary implementation of fluid water properties and used as part of the mathematical model, then the theoretical formulation for ice becomes implementation-dependent rather than mathematically exact. If further formulations are integrated this way into a family of formulations, this procedure may eventually lead to significant inconsistencies within that family. Whether or not these inconsistencies are significant will depend on the accuracy used to determine all parameters that are determined based on consistency requirements.
To consider a simple illustration, we imagine the following situation. The Gibbs function g(T , p) of liquid water is given (e.g., computed from IAPWS-95). To obtain a fast implementation, we develop separate correlation equations (i.e., mathematical models in our terminology) for each of its partial derivatives g, g T , g p , g T T , g T p and g pp . We only require that these correlation equations agree with the original formulation within the experimental uncertainty of entropy, density, etc. Using this approach, we will very probably arrive at a situation where our simplified separate equations in their combination no longer reproduce, say, the sound speed of the original formulation within its uncertainty.
The conclusion from these considerations is that the consistency between different but related formulations should always be as precise as possible, in the ideal case mathematically exact. If this consistency can be specified only numerically, then the required relations should be computed with the highest achievable accuracy rather than within experimental uncertainty only. In particular, the fundamental mutual anchor points that impose consistency between the formulations should be very precisely determined in order to avoid unpredictable consequences for quantities derived from arbitrary combinations of those formulations.
There are two different methods whereby this requirement for rigorous consistency can be realized: the static and the dynamic definition of the adjustable coefficients. In the static method, the coefficients are computed based on the reference-state conditions with a high precision in advance, and the result of this computation is given as an explicit numerical value for each coefficient. The advantage of this method is that all implementations will use an identical set of coefficients, and the algorithms for fluid water, ice, and the saline part of seawater can be implemented as modules independent of each other.
In the dynamic method, the adjustable coefficients are defined by the reference-state conditions in the form of equations rather than their solutions. These equations will be solved numerically during the run-time initialization of each particular implementation, leading to slightly implementation-dependent values of the adjustable coefficients which most accurately obey the conditions on the given platform.
For the quadruple-precision implementation used to compute the tables in the appendix, we have necessarily applied the dynamic method. However, given that the resulting coefficients are very accurately determined and have been carefully verified, we recommend that the static values with 15 significant figures, obtained by rounding the coefficients given in Table 1 , be used in future work with doubleprecision code. This is already the recommendation for the Releases IAPWS-06 and IAPWS-08. We recommend that this approach also be taken for IAPWS-95 with coefficients determined from Table 1 . This approach will be taken in the forthcoming source-code library Wright et al., 2009; McDougall et al., 2009b) , where we will take all coefficients to be consistent with Table 1 ; this consistent set of coefficients is expected to be adopted by IAPWS in 2009 as minor revisions to the IAPWS-95 and IAPWS-06 releases. This approach provides the most accurate coefficients currently available, the best possible consistency at the reference states obtainable with static values of all coefficients, and it will ensure that any inconsistencies between the results from different implementations are due to the details of the implementation or the platform used to do the calculations, and not due to differences in the specification of coefficients. Tests reveal that differences between results on different platforms obtained using static coefficients should be entirely negligible from a practical point of view.
Finally, we note that the mutually consistent family of formulations for water, ice and seawater will likely grow further in the future. Possible candidates are descriptions of aqueous sodium chloride solutions, of solid sea salt components and their saturation and precipitation from seawater, properties of humid air or gases dissolved in water, and the surface tension and refractive index of seawater. There will certainly be a demand to consistently link such formulations to the existing family. This will require highly accurate reference-state properties to be used for the determination of the coefficients of the added formulations. For this purpose, we provide in this paper tables of highly accurate reference values.
As an example of a potential need for such accuracy, one may at some future time wish to consider components of sea salt such as NaCl or CO 2 in order to describe their individual properties in a solid or gas state or aqueous solution. Their absolute energies and entropies can conveniently be specified then to be consistent with the absolute energy and entropy of seawater at the standard ocean state, using the Reference-Composition model (Millero et al., 2008) . For components that contribute only, say, a fraction of 0.01% to the total mass of sea salt, their absolute internal energy may be defined with precision reduced by the same fraction. If the total internal energy of sea salt is available now with 15 correct digits, only 11 accurate digits will be available for such a component, since all fractions need to sum up to give exactly 1. Thus, providing 19 digits for sea salt will permit a consistent specification of those components with 15 valid digits. For the same reason, the Reference Composition of sea salt itself was defined with more valid digits than required by the experimental uncertainties of its measurements, for example, to guarantee mathematically exact electrical neutrality of the resulting electrolyte model.
Metastable liquid water
When sea salt is dissolved in water, the triple point defined by the equilibrium between seawater, ice and vapor is displaced from its pure-water locus along the sublimation line of pure water to lower pressures and temperatures (Fig. 4) . As a consequence, stable liquid seawater is found at temperatures and pressures where pure water is a metastable liquid, either subcooled or superheated. Thus, to determine seawater properties as a sum of pure water plus saline contributions, the properties of water in the metastable regimes are needed.
A rough estimate of the amount by which the vapor pressure and the freezing temperature are lowered due to dissolved sea salt can be determined from the thermodynamic equilibrium conditions in the form of the first terms of the related series expansions with respect to salinity, commonly known as Raoult's laws.
The equilibrium between ice and seawater requires equal temperatures, pressures and chemical potentials of the water component in both phases, i.e.,
For a small depression value, T / T , expanding Eq. (5a) in a power series in T and S, we obtain approximately
Here, R S =R/M S =264.7599 J kg −1 K −1 is the specific gas constant of sea salt, R is the molar gas constant, M S =31.403 82 g mol −1 is the molar mass of sea salt (Millero et al., 2008) , and h W −h Ih ≈333 kJ kg −1 is the melting enthalpy of ice. Adopted from the theory of ideal solutions (Feistel, 2008) , the logarithmic term of the salinity expansion of g S is responsible for Eq. (5b).
Similarly, the equilibrium condition between vapor and seawater, 
gives the analogous approximation for the vapor pressure lowering, as
Here, M W =18.015 268 g mol −1 is the molar mass of water (IAPWS 2001) . It is evident that for our purposes the mathematical function g W (T , p) in Eq. (3) must produce reasonable values over the entire range of validity of g S (S A , T , p). Some documentation of reasonable metastable behaviour of IAPWS-95 was provided by Wagner and Pruß (2002) , but an IAPWS task group was formed to investigate this issue more thoroughly and concluded in its report given at the 2007 meeting in Lucerne that: (iv) IAPWS-95 is in satisfactory agreement with existing experimental data for subcooled water (density, heat capacity, speed of sound) at normal pressure;
(v) there are no data for subcooled water at high pressures (the values discussed in some papers are computed exclusively from models or extrapolation); and (vi) there is no better option than IAPWS-95 as the pure water reference for the seawater formulation.
Regarding point (v), recent density measurements below 0 • C at high pressures (Sotani et al., 2000; Asada et al., 2002) agree with IAPWS-95 within 0.05% over the oceanographic pressure range up to 100 MPa. As is evident from Fig. 4 , the metastable liquid range required for use in the determination of seawater properties using the form Eq. (3) extends to pressures and temperatures that are well below those corresponding to the triple point of pure water. For seawater applications, code implementing IAPWS-95 should allow consideration of the full range of property values indicated in Fig. 4 , rather than being restricted to the region of the stable liquid phase. (Such an application of IAPWS-95 corresponds to an extrapolation of this formulation.) A new version of the code that allows consideration of the full range of seawater conditions of interest will be made available in Feistel et al. (2009) and .
Discussion
The SCOR/IAPSO Working Group 127 (WG127) was formed in 2005 and charged with developing a new seawater standard for oceanography to replace the International Equation of State of Seawater (EOS-80, Fofonoff and Millard 1983 ) that has served the needs of oceanographers for nearly three decades. The general approach taken by WG127 has been to develop a Gibbs function formulation that can be applied over the full range of conditions of interest including pure water, seawater and sea ice.
The IAPWS-95 Helmholtz potential function (Wagner and Pruß, 2002) has served as the starting point from which the Gibbs function for pure water has been determined. This was complemented by Feistel and Wagner (2006) by the introduction of a Gibbs potential for salt-free ice, thus completing the required set of Gibbs functions for pure water, including solid, liquid and vapor phases.
The solid-liquid-gas triple point plays a special role in Gibbs function (and other) formulations of the thermodynamic properties of seawater. In particular, it serves as a reference point at which entropy and internal energy of the liquid water phase are commonly set to zero to determine two free parameters in the formulation. Once these two free parameters for the liquid phase are set, an additional free parameter that enters the formulation of the Gibbs potential for the solid phase must be chosen consistent with the definition of the ITS-90 temperature scale for which the value 273.16 K is defined by the triple point. A consequence of this fact is that any change in the Gibbs function for pure water that results in a change in the value of the Gibbs potential for liquid and vapor at the triple point will require an adjustment of the free parameter in the Gibbs function for the solid phase in order to retain the property that the temperature is exactly 273.16 K at this point.
Unfortunately, the numerical implementation of the code used by Feistel and Wagner (2006) had its parameters rounded off to slightly lower precision than those listed in the IAPWS-95 release, thus resulting in a very small but nonzero deviation from the strict IAPWS-95 definition of the Helmholtz function. While this difference results in changes that are well within measurement uncertainties, the adjustment to achieve strict consistency with IAPWS-95 results in a small inconsistency between the physical definition of the triple point and the requirement that the temperature at the triple point be 273.16 K on the ITS-90 temperature scale. In Sect. 3, we have thus adjusted the free parameter g 00 to very precisely satisfy this condition. To achieve highly accurate results (and much more accurate than required for consistency with observations), we have used quadruple-precision numerical code in this exercise, resulting in the adjusted value g 00 =−0.632 020 233 335 886×10 6 when rounded to double precision.
With code in precise agreement with IAPWS-95 and properly adjusted to the reference state conditions, and the correction of the parameter g 00 as required to maintain consistency with the ITS-90 temperature scale, Table 1 , the Gibbs function formulation for pure water is complete and fully consistent.
To complete the Gibbs function formulation for seawater, the Gibbs potential associated with salinity effects has been determined by Feistel (2008) and added to the Gibbs potential for pure water as in Eq. (3). Use of this form for the Gibbs function of seawater ensures consistency with the Helmholtz formulation for pure water, but requires some special considerations for its application. In particular, to use Eq. (3) over the desired application range for seawater, it has been necessary to extend the range of application of the Gibbs function for pure water to temperature and pressure values for which seawater is a stable liquid, but the stable phase of pure water is ice Ih or vapor. Thus metastable states of liquid water have been examined, as discussed in Sect. 4.
An important feature of the formulation of Feistel (2008) is its applicability to thermal and colligative properties for temperatures up to 80 • C and for salinities extending from 0 to 120 g/kg at atmospheric pressure. This salinity range extends beyond the currently valid salinity scale PSS-78 at both low and high values. A review of the development of different salinity scales is given in Millero et al. (2008) , in which a new salinity scale termed Reference-Composition Salinity is defined that does not suffer from these limitations Table A1 . Quadruple-precision values corresponding to results published in Table 6 of IAPWS-95 with the coefficients given in Table 1 of this paper. The ideal-gas part φ • and the residual part φ r of the dimensionless Helmholtz free energy together with the corresponding derivatives a are shown for T =500 K and ρ=838.025 kg m −3 . The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. Table A2 . Quadruple-precision results for water properties in the single-phase region at the selected values of T and ρ published in Table 7 of IAPWS-95 with the coefficients given in Table 1 of this paper. The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. of the PSS-78 salinity scale. Of couse, other limitations remain. For example, depending on the temperature, the supersaturation of high-salinity seawater may cause the precipitation of calcium minerals and thus a composition change of dissolved sea salt (Marion et al., 2008a, b) . Composition anomalies due to this or other effects will degrade the accuracy of Reference-Composition Salinity as a measure of the Absolute Salinity used in the Gibbs function formulation of Feistel (2008) . Such anomalies need to be taken into account to minimize inaccuracies. The combination of the Helmholtz function for pure water, the Gibbs potential for salt-free ice and the saline part of the Gibbs potential for seawater provides a unified and fully consistent foundation for the consideration of the thermodynamic properties of pure water and seawater.
Mathematically, the combination of a Helmholtz function for the pure-water part with a Gibbs function for the saline part requires a proper use of theoretical thermodynamic methods and is not always a trivial exercise. For convenience of application, WG127 is implementing the new set of thermodynamic functions for liquid water, water vapor, ice, and seawater, as well as their mutual phase equilibria, in a comprehensive source code library for oceanographers and other scientists and engineers who deal with seawater Wright et al., 2009; McDougall et al., 2009b) . In addition to the precise implementations of the relations discussed herein, efficient and accurate approximations for some quantities that require computationally efficient implementations will also be provided. Quantities such as entropy and enthalpy of seawater, which were not available from EOS-80, result naturally from the Gibbs function formalism, and the WG127 source code will include these quantities.
Appendix A
In this appendix the Tables A1-A8 with numerical check values published in the Releases IAPWS-95, IAPWS-06 and IAPWS-08 are recomputed in quadruple precision. The original numerical check tables that IAPWS provides along with its Releases are intended to assist the user in verifying and debugging particular implementations of the formulation. For the easy detection of coding errors, these tables report Table A3 . Quadruple-precision results for property values in the two-phase region at the selected values of temperature published in Table 8 of IAPWS-95 with the coefficients given in Table 1 of this paper a . The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. Table A4 . Quadruple-precision results for the properties of pure ice at the triple point, the normal-pressure melting point and at T =100 K, p=100 MPa. Results correspond to Table 6 of IAPWS-06 with the corrected coefficient g 00 of ice given in Table 1 . The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. numbers with more digits than required by the experimental accuracy. They report fewer digits than available from a typical 64-bit floating point number and suppress the part which very likely varies between different implementations, since those digits may be more confusing than helpful for the examination of the code's correctness. Thus, with respect to these published check values, all correct and well-organised implementations are considered equally good.
For certain applications of the Releases, as e.g. for the development of a source code library for seawater, it is important to estimate the implementation errors, i.e., the deviations from the mathematical formulations. This is of interest when speed-optimized code is required for circulation models or other time-critical applications, to monitor the degree to which the precision of the results is diminished by certain accelerating modifications or simplifications. This is also of interest to see the effects of reorganising internal details of the code, the sequence of execution, the grouping into procedures, etc.
For these reasons, we are publishing alternative versions of the IAPWS tables with numerical check values for fluid water, ice and seawater with very high accuracy, typically 20 or more valid digits. Table A5 . Quadruple-precision results for the water part, saline part and total properties published in Table 8a of IAPWS-08 with the coefficients given in Table 1 a The quantities ρ and w are nonlinear in g and hence cannot be computed from g S alone.
b Each of these numbers is identically zero in the theoretical model. The numbers shown here give the roundoff errors corresponding to quadruple-and double-precision implementations, respectively. Table A6 . Quadruple-precision results for the water part, saline part and total properties published in Table 8b of IAPWS-08 with the coefficients given in Table 1 of this paper. Properties at S A =0.1 kg kg −1 =100 g kg −1 , T =353 K, p=p 0 =0.101325 MPa. This point is located in the regions with restricted validity. The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. Table A7 . Quadruple-precision results for the water part, saline part and total properties published in Table 8c of IAPWS-08 with the coefficients given in Table 1 of this paper. Properties at S A =0.035 165 04 kg kg −1 , T =T 0 =273.15 K, p=100 MPa. The underlined numbers indicate the digits that, based on our tests, can reasonably be expected to be reproduced using double-precision code. Table A9 . Formulas for properties reported in Tables A2-A8 , expressed in terms of partial derivatives of the Helmholtz function f (T , ρ) of fluid water and the Gibbs functions g(T , p) of ice and g(S A , T , p) of seawater.
Property
In addition to these tables with numerical check values, we report in this appendix properties of liquid water, water vapor, ice and seawater at the reference states explained in Sect. 3.
Underlining in all tables shows the digits of the more accurate quadruple-precision results that typical double-precision implementations of the fluid, ice and seawater potential functions should be able to reproduce. This underlining was determined using two independent techniques. The first method is based on a manual comparison of double-and quadrupleprecision results and the observation that different implementations of the potential functions in double-precision arithmetic give the same agreement with the quadruple-precision table entries to within one digit. We compared two different implementations in two different languages on different machines and operating systems. Both implementations used the values of the arbitrary adjustable constants as listed in Table 1 but rounded to 15 decimal digits, as is consistent with double-precision code.
The second technique is based on calculating the relative condition numbers (Dahlquist et al., 2008) of the evaluations of the table entries. These condition numbers measure the sensitivities of the computations to small perturbations of input variables and the number of digits lost in the computation of a given quantity is given by the logarithm to the base 10 of the corresponding relative condition number. In all but a few of the comparisons between the two accuracy estimates, the estimate from condition number is smaller, in terms of number of digits of accuracy, than the agreement between the double-and quadruple-precision results. The differences between estimates arise primarily because condition number is real and requires rounding or truncating to give its integer estimate. Also, the precision of computations on a given platform may be slightly better than 15 significant figures. The underlined digits in the tables are intended to be on the conservative side in that they show the minimum number of digits expected to be correctly reproduced by double-precision code based on our three estimates (the two double-precision estimates and the condition number estimate). Code that reproduces the quadruple-precision results to one fewer digit is probably still within the range of uncertainty but two fewer digits of agreement would be cause for concern about the integrity of the code.
Formulas for the computation of thermodynamic properties from the potentials f and g are summarized in Table A9 .
